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NAVIGATIONAL GUIDANCE VIA
COMPUTER-ASSISTED FLUOROSCOPIC
IMAGING

RELATED APPLICATIONS

This disclosure 1s related to U.S. patent application Ser.

No. 09/106,109, entitled “System and Methods for the
Reduction and Elimination of Image Artifacts 1n the Calibra-

tion of X-Ray Imagers,” filed on Jun. 29, 1998.

FIELD OF THE INVENTION

The present invention 1s directed generally to image guided
surgery, and more particularly, to systems and methods for
using one or more fluoroscopic X-ray images to assist in
instrument navigation during surgery.

DESCRIPTION OF THE RELATED ART

Modern diagnostic medicine has benefitted significantly
from radiology, which 1s the use of radiation, such as x-rays,
to generate 1images of internal body structures. In general, to
create an X-ray image, X-ray beams are passed through the
body and absorbed, in varying amounts, by tissues in the
body. An x-ray image 1s created based on the relative ditter-
ences 1n the transmitted x-ray intensities.

Techniques are known through which x-ray images are
used to locate the real-time position of surgical instruments in
the patient anatomy represented by the x-ray image without
requiring x-rays to be continually taken. In one such system,
as disclosed 1n U.S. Pat. No. 3,772,594 to Barrick, light
emitting diodes (LEDs) are placed on a C-arm fluoroscope
X-ray 1imager, on a drill, and on a reference bar positioned on
the bone to be studied. A three-dimensional optical digitizer
senses the position of the LEDs, and hence the position of the
drill, the C-arm fluoroscope, and the object bone. Based on
this information, the real-time position of the drill in anatomy
represented by the x-ray 1image 1s determined, and a corre-
sponding representation of the drnll in the x-ray image 1s
displayed. This allows the surgeon to continually observe the
progress of the surgery without necessitating additional x-ray
1mages.

Surgical navigational guidance, as discussed above, can
provide a tool for helping the physician perform surgery. It 1s
an object of the present invention to provide several enhance-
ments to traditional surgical navigational guidance tech-
niques.

SUMMARY OF THE INVENTION

Objects and advantages of the invention will be set forth in
part 1n the description which follows, and 1 part will be
obvious from the description, or may be learned by practice of
the mvention. The objects and advantages of the imnvention
will be realized and attained by means of the elements and
combinations particularly pointed out in the appended
claims.

One aspect of the present invention 1s directed to an x-ray
imaging device comprising a plurality of elements. In par-
ticular, the x-ray imaging device includes an x-ray source for
generating cycles of x-ray radiation corresponding to an
image acquisition cycle; an x-ray receiving section positioned
so that x-rays emanating from the x-ray source enter the x-ray
receiving section, the x-ray receiving section generating an
image representing intensities of the x-rays entering the x-ray
receiving section. Additionally, a computer 1s coupled to the
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X-ray recerving section and radiation sensors are located 1n a
path of the x-rays emitted from the x-ray source. The radiation
sensors detect the beginning and end of a radiation cycle and
transmit the detected beginning and end of the radiation cycle
to the computer.

Another imaging device consistent with the present inven-
tion includes a rotatable C-arm support having first and sec-
ond ends. The first end includes an x-ray source for initiating
an 1maging cycle and the second end includes an x-ray receiv-
ing section positioned so that x-rays emanating from the x-ray
source enter the x-ray recerving section. The x-ray receiving
section generates an 1mage representing the intensities of the
x-rays entering the x-ray receiving section. Further, a calibra-
tion and tracking target i1s included and a tracking sensor
detects the position, 1n three-dimensional space, of the cali-
bration and tracking target; and a computer 1s coupled to the
x-ray recerving section and the tracking sensor. The computer
detects motion of the C-arm based on changes in the position
detected by the tracking sensor.

Another aspect consistent with the present imnvention 1s
directed to a surgical instrument navigation system. The sys-
tem comprises a computer processor; a tracking sensor for
sensing three-dimensional position information of a surgical
instrument and transmitting the position information to the
computer processor; a memory coupled to the computer pro-
cessor, the memory including computer instructions that
when executed by the computer processor cause the processor
to generate an icon representing the surgical instrument and to
overlay the 1con on a pre-acquired x-ray 1image, the icon of the
surgical instrument representing the real-time position of the
surgical instrument projected into the pre-acquired x-ray
image and the 1con being generated as a first representation
when the surgical instrument 1s positioned such that 1t 1s
substantially viewable 1n the plane of the pre-acquired image
and the 1con being generated as a second representation when
the surgical instrument 1s positioned such that 1t 1s substan-
tially perpendicular to the plane of the pre-acquired image.
Finally, a display 1s coupled to the processor for displaying
the generated icon superimposed on the pre-acquired image.

Yet another system consistent with the present mvention
comprises a computer processor and a tracking sensor for
sensing three-dimensional position information of a surgical
instrument and transmitting the position information to the
computer processor. A memory 1s coupled to the computer
processor, the memory including computer instructions that
when executed by the computer processor cause the processor
to generate an 1con representing the surgical instrument posi-
tioned 1n a pre-acquired image of a patient’s anatomy, the
icon of the surgical instrument including a first portion cor-
responding to an actual position of the surgical mstrument
and a second portion corresponding to a projection of the
surgical instrument along a line given by a current trajectory
of the surgical instrument. A display 1s coupled to the proces-
sor for displaying the generated i1con superimposed on the
pre-acquired 1mage.

Still turther, another surgical instrument navigation system
consistent with the present invention comprises a rotatable
C-arm including an x-ray source and an X-ray receiving sec-
tion for acquiring X-ray images ol a patient, the C-arm being
rotatable about one of a plurality of mechanical axes. A com-
puter processor 1s coupled to the rotatable C-arm and a
memory 1s coupled to the computer processor. The memory
stores the x-ray images acquired by the rotatable C-arm and
computer mstructions that when executed by the computer
processor cause the computer processor to generate a line
representing a projection of a plane parallel to one of the
plurality of the mechanical axes of the C-arm into the x-ray
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image, the line enabling visual alignment of the one of the
plurality of mechanical axes of the C-arm with an axis relat-
ing complimentary image views. A display 1s coupled to the
processor for displaying the generated line superimposed on
the x-ray 1mage.

Yet another system consistent with the present invention 1s
for defining a surgical plan and comprises an x-ray 1imaging
device; a surgical instrument; a tracking sensor for detecting
the position, in three-dimensional space, of the surgical
instrument; a computer processor in communication with the
tracking sensor for defining a point 1n a virtual Xx-ray 1maging,
path as the three-dimensional location of the surgical nstru-
ment, the point being outside of a true x-ray imaging path of
the x-ray 1maging device, the computer processor translating
position of the surgical instrument within the virtual x-ray
imaging path to a corresponding position in the true x-ray
imaging path; and a display coupled to the processor for
displaying a pre-acquired x-ray image overlaid with an iconic
representation of the surgical instrument, the position of the
iconic representation of the surgical istrument 1n the pre-
acquired x-ray image corresponding to the translated position
of the surgical mstrument.

Yet another system consistent with the present invention
for defining a surgical plan comprises a combination of ele-

ments. The elements include an x-ray 1imaging device; a sur-
gical instrument; a tracking sensor for detecting the position,
in three-dimensional space, of the surgical instrument; a com-
puter processor 1n communication with the tracking sensor
for calculating a projection of the trajectory of the surgical
instrument a distance ahead of the actual location of the
surgical instrument; and a display coupled to the processor for
displaying a pre-acquired x-ray image overlaid with an iconic
representation of the surgical mstrument and the calculated
projection of the trajectory of the surgical instrument.

Yet another system consistent with the present invention 1s
for aligning a first bone segment with a second bone segment
in a patient. The system comprises a first tracking marker
attached to the first bone segment and a second tracking
marker attached to the second bone segment. A tracking sen-
sor detects the relative position, 1n three-dimensional space,
of the first and second tracking markers. A computer delin-
cates boundaries of 1mages of the first and second bone seg-
ments 1n a pre-acquired x-ray 1mage and when the second
bone segment 1s moved 1n the patient, the computer corre-
spondingly moves the delineated boundary of the second
bone segment 1n the x-ray 1image. A display 1s coupled to the
computer and displays the pre-acquired x-ray image overlaid
with representations of the delineated boundaries of the first
and second bone segments.

Yet another system consistent with the present invention 1s
directed to a system for placing a surgical implant into a
patient. The system comprises a computer processor; means
for entering dimensions of the implant; a tracking sensor for
sensing three-dimensional position information of a surgical
instrument on which the surgical implant 1s attached, the
tracking sensor transmitting the position information to the
computer processor; and a memory coupled to the computer
processor, the memory including computer instructions that
when executed by the computer processor cause the processor
to generate an 1icon representing the surgical instrument and
the attached surgical implant, and to overlay the 1con on a
pre-acquired two-dimensional x-ray image, the icon of the
surgical instrument representing the real-time position of the
surgical instrument relative to the pre-acquired two-dimen-
sional x-ray image.
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In addition to the above mention devices and systems, the
concepts of the present invention may be practiced as a num-
ber of related methods.

An additional method consistent with the present invention
1s a method of acquiring a two-dimensional x-ray image of
patient anatomy from a desired view direction. The method
comprises generating the two-dimensional 1image using an
X-ray 1mager; specilying a view direction 1n a three-dimen-
sional 1mage representing the patient anatomy; generating a
two-dimensional digitally reconstructed radiograph (DRR)
image based on the three-dimensional 1mage and the speci-
fied view direction; and

determining that the two-dimensional x-ray image corre-
sponds to the desired view direction by matching the DRR
image to the x-ray image.

Another method consistent with the present invention 1s a
method of calculating an angle between a surgical instrument
and a plane selected 1n an x-ray image. The method comprises
a number of steps, including: defining at least two points 1n
the x-ray 1image; defining a plane passing through the x-ray
image as the plane including the two points and linear pro-
jections of the two points as dictated by a calibration trans-
formation used to calibrate the x-ray image for 1ts particular
imaging device; sensing a position of the surgical instrument
in three-dimensional space; and calculating the angle
between intersection of a projection of the surgical instru-
ment 1n three-dimensional space and the plane.

Yet another method consistent with the present invention 1s
a method for aligning a fluoroscopic 1imager with a view
direction of the medial axis of a patient’s pedicle. The method
comprises displaying a three-dimensional 1image of an axial
cross-section of vertebra of the patient; extracting an angle
from the three-dimensional image corresponding to the angle
separating an anterior/posterior axis and the medial axis of
the pedicle; aligning the fluoroscopic imager with a long axis
ol the patient; and rotating the fluoroscopic imager about the
long axis of the patient through the measured angle.

BRIEF DESCRIPTION OF THE DRAWINGS

-

The accompanying drawings, which are incorporated 1n
and constitute a part of this specification, illustrate several
embodiments consistent with this invention and, together
with the description, help explain the principles of the inven-
tion. In the drawings,

FIG. 1 1s a diagram of an exemplary imaging system used
to acquire X-ray 1mages;

FIG. 2 1s an 1mage illustrating true and distorted images;

FIGS. 3A and 3B 1illustrate a projective transformation in a
fluoroscopic C-arm 1mager;

FIG. 4 1s a flow chart illustrating methods consistent with
the present invention for performing two-dimensional navi-
gational guidance;

FIGS. 5A and 3B are exemplary fluoroscopic x-ray images
illustrating the 1conic graphical overlay of a surgical instru-
ment;

FIG. 6 1s a fluoroscopic image including a “cross hair”
graphical overlay of an instrument;

FIGS. TA-7C illustrate 1images ol complementary views
and an axis that relates them:

FIG. 8 1s an image of a lateral view of a patient’s vertebral
disc;
FIG. 9 1s an image of a lateral view of a spinal vertebra;

FIG. 10 1s a diagram 1llustrating a system for specitying a
planned trajectory of a surgical instrument;
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FIG. 11 1s a flow chart illustrating a method for specifying
a planned trajectory of a surgical instrument;
FIGS. 12 A through 12C are images of a fracture of a femur

containing two bone fragments;

FIG. 13 1s a flow chart illustrating methods for aligning
bone fragments consistent with the present invention;

FIGS. 14A and 14B are images 1llustrating implantation of

an inter-vertebral cage in the spine of a patient;
FIGS. 15A through 15C are images used in the acquisition
of an x-ray view of the medial axis of a vertebral pedicle; and
FIGS. 16A and 16B are images used to illustrate the mea-
surement ol out-of-plane angles based on fluoroscopic
1mages.

DETAILED DESCRIPTION

As described herein, novel methods and systems improve
surgical navigational guidance using one or more fluoro-
scopic X-ray images. The methods and systems may be used
tor either navigational guidance using only two-dimensional
fluoroscopic 1mages or for navigational guidance using a
combination of two-dimensional fluoroscopic 1mages and
three-dimensional volumetric images, such as CI or MRI
1mages.

Reference will now be made 1n detail to embodiments of
the imvention, examples of which are 1llustrated 1n the accom-
panying drawings. Wherever possible, the same reference
numbers will be used throughout the drawings to refer to the
same or like parts.

System Overview

FIG. 1 1s a diagram of an exemplary imaging system used
to acquire x-ray images. Fluoroscopic imaging device 100 1s
a tluoroscopic C-arm x-ray immaging device that includes
C-arm 103, x-ray source 104, x-ray recerving section 103, a
calibration and tracking target 106, and radiation sensors 107.
Calibration and tracking target 106 includes infrared retlec-
tors (or alternatively infrared emitters) 109 and calibration
markers 111. C-arm control computer 115 allows a physician
to control the operation of imaging device 100, such as setting,
Imaging parameters.

One appropriate implementation of imaging device 100 1s
the “Ser1es9600 Mobile Digital Imaging System,” from OEC
Medical Systems, Inc., of Salt Lake City, Utah, although
calibration and tracking target 106 and radiation sensors 107
are typically not included in the Series9600 Mobile Digital
Imaging System and may have to be added. The “Ser1es9600
Mobile Digital Imaging System” 1s otherwise structurally
similar to 1imaging system 100.

In operation, X-ray source 104 generates x-rays that propa-
gate through patient 110 and calibration target 106, and nto
x-ray recerving section 105. Receiving section 105 generates
an 1mage representing the intensities of the received x-rays.
Typically, recerving section 105 comprises an 1image intensi-
fier that converts the x-rays to visible light and a charge
coupled device (CCD) video camera that converts the visible
light to digital images. Receiving section 105 may also be a
device that converts x-rays directly to digital images, thus
potentially avoiding distortion introduced by first converting,
to visible light.

Fluoroscopic images taken by immaging device 100 are
transmitted to computer 115, where they may further be for-
warded to computer 120. Computer 120 provides facilities for
displaying (on monitor 121), saving, digitally manipulating,
or printing a hard copy of the recetved images. Three-dimen-
sional 1mages, such as pre-acquired patient specific CI/MR
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data set 124 or a three-dimensional atlas data set 126 (de-
scribed 1n more detail below) may also be mamipulated by
computer 120 and displayed by monitor 121. Images, instead
ol or 1n addition to being displayed on monitor 121, may also
be displayed to the physician through a heads-up-display.

Although computers 115 and 120 are shown as two sepa-
rate computers, they alternatively could be variously imple-
mented as multiple computers or as a single computer that
performs the functions performed by computers 1135 and 120.
In this case, the single computer would recerve mput from
both C-arm imager 100 and tracking sensor 130.

Radiation sensors 107 sense the presence of radiation,
which 1s used to determine whether or not imaging device 100
1s actively imaging. The result of their detection 1s transmitted
to processing computer 120. Alternatively, a person may
manually indicate when device 100 1s actively imaging or this
function can be built mnto x-ray source 104, x-ray receiving
section 105, or control computer 115.

In operation, the patient 1s positioned between the x-ray
source 104 and the x-ray receiving section 103. In response to
an operator’s command input at control computer 115, x-rays
emanate from source 104 and pass through patient 110, cali-
bration target 106, and into recerving section 105, which
generates a two-dimensional 1mage of the patient.

C-arm 103 1s capable of rotating relative to patient 110,
allowing 1mages of patient 110 to be taken from multiple
directions. For example, the physician may rotate C-arm 103
in the direction of arrows 108 or about the long axis of the
patient. Each of these directions of movement involves rota-
tion about a mechanical axis of the C-arm. In this example,
the long axis of the patient 1s aligned with the mechanical axis
of the C-arm.

Raw 1mages generated by receiving section 1035 tend to
sulfer from undesirable distortion caused by a number of
factors, including inherent 1image distortion in the image
intensifier and external electromagnetic fields. Drawings rep-
resenting 1deal and distorted images are shown i FIG. 2.
Checkerboard 202 represents the 1deal image of a checker-
board shaped object. The image taken by receiving section
105, however, can suffer significant distortion, as 1llustrated
by distorted image 204.

The 1image formation process 1n a system such as fluoro-
scopic C-arm 1mager 100 1s governed by a geometric projec-
tive transformation which maps lines in the fluoroscope’s
field of view to points in the image (1.e., within the x-ray
receiving section 105). This conceptisillustrated in FIGS. 3A
and 3B. Image 300 (and any image generated by the fluoro-
scope) 1s composed of discrete picture elements (pixels), an
example of which is labeled as 302. Every pixel within image
300 has a corresponding three-dimensional line 1n the fluo-
roscope’s field of view. For example, the line corresponding
to pixel 302 1s labeled as 304. The complete mapping between
image pixels and corresponding lines governs projection of
objects within the field of view into the image. The intensity
value at pixel 302 1s determined by the densities of the object
clements (1.e., portions ol a patient’s anatomy, operating
room table, etc.) intersected by the line 304. For the purposes
of computer assisted navigational guidance, 1t 1s necessary to
estimate the projective transformation which maps lines 1n
the field of view to pixels 1n the 1mage, and vice versa. Geo-
metric projective transformation 1s well known in the art.

Intrinsic calibration, which 1s the process of correcting
image distortion 1n a received 1mage and establishing the
projective transformation for that image, involves placing
“calibration markers” 1n the path of the x-ray, where a cali-
bration marker 1s an object opaque or semi-opaque to x-rays.
Calibration markers 111 are rigidly arranged in predeter-
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mined patterns 1n one or more planes in the path of the x-rays
and are visible 1n the recorded images. Tracking targets, such
as emitters or reflectors 109, are fixed 1n a rigid and known
position relative to calibration markers 111.

Because the true relative position of the calibration mark-
ers 111 1n the recorded images are known, computer 120 1s
able to calculate an amount of distortion at each pixel in the
image (where a pixel 1s a single point in the 1mage). Accord-
ingly, computer 120 can digitally compensate for the distor-
tion in the 1mage and generate a distortion-iree, or at least a
distortion improved 1mage. Alternatively, distortion may be
left 1n the 1mage, and subsequent operations on the image,
such as superimposing an iconic representation of a surgical
istrument on the 1mage (described in more detail below),
may be distorted to match the image distortion determined by
the calibration markers. The same calibration markers can
also be used to estimate the geometric perspective transior-
mation, since the position of these markers are known with
respect to the tracking target emitters or reflectors 109 and
ultimately with respect to tracking sensor 130. A more
detailed explanation of methods for performing intrinsic cali-
bration 1s described 1n the references B. Schuele et al., “Cor-
rection of Image Intensifier Distortion for Three-Dimen-
sional Reconstruction,” presented at SPIE Medical Imaging
19935, San Diego, Calif., 1995 and G. Champleboux et al.,
“Accurate Calibration of Cameras and Range Imaging Sen-
sors: the NPBS Method,” Proceedings of the 1992 IEEE
International Contference on Robotics and Automation, Nice,
France, May 1992, and U.S. application Ser. No. 09/106,109,
filed on Jun. 29, 1998 by the present assignee, the contents of
which are hereby incorporated by reference.

Calibration and tracking target 106 may be attached to
x-ray recerwving section 105 of the C-arm. Alternately, the
target 106 can be mechanically independent of the C-arm, in
which case it should be positioned such that the included
calibration markers 111 are visible 1n each fluoroscopic
image to be used in navigational guidance. Element 106
serves two functions. The first, as described above, 1s holding
calibration markers 111 used in intrinsic calibration. The
second function, which i1s described 1n more detail below, 1s
holding infrared emitters or reflectors 109, which act as a
tracking target for tracking sensor 130.

Tracking sensor 130 1s a real-time 1nfrared tracking sensor
linked to computer 120. Specially constructed surgical instru-
ments and other markers 1n the field of tracking sensor 130
can be detected and located 1n three-dimensional space. For
example, a surgical instrument 140, such as a drill, 1s embed-
ded with infrared emuitters or reflectors 141 on 1ts handle.
Tracking sensor 130 detects the presence and location of
inirared emitters or reflectors 141. Because the relative spa-
tial locations of the emitters or reflectors in instrument 140 are
known a priori, tracking sensor 130 and computer 120 are
able to locate mstrument 140 1n three-dimensional space
using well known mathematical transformations. Instead of
using inirared tracking sensor 130 and corresponding infra-
red emitters or reflectors, other types of positional location
devices are known 1n the art, and may be used. For example,
a positional location device may also be based on magnetic
fields, sonic emissions, or radio waves.

Reference frame marker 150, like surgical instrument 140,
1s embedded with infrared emitters or reflectors, labeled 151.
As with mstrument 140, tracking sensor 130 similarly detects
the spatial location of emitters/retlectors 151, through which
tracking sensor 130 and computer 120 determine the three-
dimensional position of dynamic reference frame marker
150. The determination of the three-dimensional position of
an object relative to a patient 1s known 1n the art, and 1s
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discussed, for example, 1n the following references, each of
which 1s hereby incorporated by reference: PCT Publication

WO 96/11624to Bucholzetal., published Apr. 25,1996; U.S.
Pat. No. 5,384,454 to Bucholz; U.S. Pat. No. 5,851,183 to
Bucholz; and U.S. Pat. No. 5,871,445 to Bucholz.

During an operation, dynamic reference frame marker 150
1s attached 1n a fixed position relative to the portion of the
patient to be operated on. For example, when inserting a
screw 1nto the spine of patient 110, dynamic reference frame
marker 150 may be physically attached to a portion of the
spine of the patient. Because dynamic reference frame 150 1s
in a fixed position relative to the patient anatomy, and 1nstru-
ment 140 can be accurately located i1n three dimensional
space relative to dynamic reference frame 150, instrument
140 can also be located relative to the patient’s anatomy.

As discussed above, calibration and tracking target 106
also includes infrared emitters or reflectors 109 similar to
those 1n mnstrument 140 or dynamic reference frame 150.
Accordingly, tracking sensor 130 and computer 120 may
determine the three-dimensional position of calibration target
106 relative to instrument 140 and/or dynamic reference
frame 150 and thus the patient position.

System Operation

In general, the 1maging system shown i FIG. 1 assists
physicians performing surgery by displaying real-time or pre-
acquired 1mages, such as fluoroscopic x-ray images, of
patient 110 on display 121. Representations ol surgical
instruments 140 are overlaid on pre-acquired fluoroscopic
images ol patient 110 based on the position of the instruments
determined by tracking sensor 130. In this manner, the phy-
sician 1s able to see the location of the instrument relative to
the patient’s anatomy, without the need to acquire real-time
fluoroscopic 1images, thus greatly reducing radiation expo-
sure to the patient and to the surgical team. “Pre-acquired,” as
used herein, 1s not itended to imply any required minimum
duration between receipt of the x-ray signals and displaying
the corresponding image. Momentarily storing the corre-
sponding digital signal in computer memory while displaying
the fluoroscopic 1image constitutes pre-acquiring the image.

FIG. 4 1s a flow chart illustrating methods consistent with
the present invention for performing two-dimensional navi-
gational guidance using the system of FIG. 1. The physician
begins by acquiring one or more tluoroscopic x-ray images of
patient 110 using imager 100 (step 400). As previously men-
tioned, acquiring an X-ray image triggers radiation sensors
107, which informs computer 120 of the beginning and end of
the radiation cycle used to generate the image. For a fluoro-
scopic X-ray image acquired with imager 100 to be useable for
navigational guidance, imager 100, when acquiring the
image, should be stationary with respect to patient 110. If
C-arm 103 orpatient 110 1s moving during image acquisition,
the position of the fluoroscope will not be accurately deter-
mined relative to the patient’s reference frame. Thus, 1t 1s
important that the recorded position of imager 100 reflects the
true position of the imager at the time of 1mage acquisition. I
imager 100 moves during the 1mage acquisition process, or 1f
imager 100 moves after image acquisition but before 1ts posi-
tion 1s recorded, the calibration will be erroneous, thus result-
ing in icorrect graphical overlays. To prevent this type of
erroneous 1mage, computer 120 may examine the position
information from tracking sensor 130 while radiation sensors
107 are signaling radiation detection. If the calibration and
tracking target 106 moves relative to dynamic reference
frame 150 during image acquisition, this image 1s marked as
erroneous. (Steps 401 and 402).



US 7,606,013 B2

9

At the end of the radiation cycle, computer 120 retrieves
the acquired 1mage from C-arm control computer 115 and
retrieves the location mformation of target marker 106 and
dynamic reference frame 150 from tracking sensor 130. Com-
puter 120 calibrates the acquired image, as described above,
to learn 1ts projective transformation and optionally to correct
distortion 1n the image, (step 1403), and then stores the image
along with its positional information (step 404). The process
of steps 400-404 1s repeated for each image that 1s to be
acquired (step 405).

Because the acquired images are stored with the positional
information of the calibration and tracking target 106 and
dynamic reference frame 150, the position of C-arm 103,
x-ray source 104, and receiving section 105 for each image,
relative to patient 110, can be computed based upon the
projective transformation identified in the calibration pro-
cess. During surgery, tracking sensor 130 and computer 120
detect the position of mnstrument 140 relative to dynamic
reference frame 150, and hence relative to patient 110. With
this information, computer 120 dynamically calculates, in
real-time, the projection of instrument 140 into each fluoro-
scopic 1mage as the instrument 1s moved by the physician. A
graphical representation of instrument 140 may then be over-
laid on the fluoroscopic images (step 406). The graphical
representation of mstrument 140 1s an 1conic representation
of where the actual surgical instrument would appear within
the acquired fluoroscopic x-ray image 1f imager 100 was
continuously acquiring new images from the same view as the
original image. There 1s no theoretical limit to the number of
fluoroscopic 1images on which the graphical representations
of instrument 140 may be simultaneously overlaid.

FIGS. 5A and 5B are exemplary fluoroscopic x-ray images
illustrating the 1conic graphical overlay of a surgical instru-
ment. Fluoroscopic image 500, shown in FI1G. 5A, 1s an image
of a lateral view of the lumbar spine. Graphical overlay 502 1s
the iconic overlay of a surgical instrument, such as a drill,
within image 500. As the physician moves the drill, computer
120 recalculates and displays the new location of graphical
overlay 502. The diamond shaped end of overlay 502, labeled
as area 503, represents the tip of the instrument. The physi-
cian can use 1mage 300 and overlay 502 to visualize the
position and orientation of the surgical tool relative to the
patient’s anatomy.

In certain situations, the physician may wish to know
where the tip of the instrument would be i1 the 1nstrument
were projected along a line given by the instrument’s current
trajectory. Consistent with an aspect of the present invention,
at the physician’s command, computer 120 may calculate and
display this projection. Area 505 1n FIG. 5B 1s a projection of
graphical overlay 502. As shown, the “look-ahead” trajectory
505 of overlay 502 1s displayed 1n a different line style than
overlay 502. Computer 120 may vary the length of look-
ahead trajectory 505 as directed by the physician through a
suitable computer interface device, such as a keypad, mouse,
or touch pad. In this manner, computer 120 assists the physi-
cian in visualizing where the strument would be 1n the
patient 11 1t were advanced a predetermined distance 1n the
patient.

Although the “look-ahead” technique described above pro-
jected the graphical representation of the istrument into the
image, there 1s no requirement that the instrument’s graphical
representation be 1n the space of the image for look-ahead
trajectory 505 to be projected into the image. For example, the
physician may be holding the instrument above the patient
and outside the space of the image, so that the representation
of the mstrument does not appear 1n the image. However, 1t
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may still be desirable to project look-ahead portion 505 nto
the 1mage to facilitate planning of a surgical procedure.

When surgical instrument 140 1s perpendicular to the plane
of the fluoroscopic 1image, the graphical overlay of the surgi-
cal instrument essentially collapses to a point, making 1t
difficult to view. To alleviate this problem, computer 120 may
optionally use a different graphical representation of 1nstru-
ment 140 when the distance 1n the 1image plane between the
t1p and the tail of instrument 140 becomes smaller than a fixed
distance (e.g., 15 pixels).

FIG. 6 1s a fluoroscopic image including graphical overlay
601 of instrument 140, including a small “cross hair image”
representing tip 602 and a larger cross hair representing tail
603 of instrument 601. Computer 120 automatically switches
between the cross hair representation shown 1n FIG. 6 and the
“straight line” representation shown in FIG. 5.

Frequently, the physician would like to acquire two
complementary fluoroscopic images of the patient, such as
images from an anterior/posterior view and a lateral view of
the vertebral discs. The complementary views are related to
one another by arotation about an axis by a particular amount.
For example, an anterior/posterior view 1s related to a lateral
view by a 90 degree rotation around the axis running parallel
through the length o the patient. When the mechanical axis of
rotation of C-arm 103 1s aligned with the axis relating the
complementary views (e.g., when the mechanical axis is
aligned with the axis running through the length of the
patient), the physician can accurately and quickly switch
between the complementary views by simply rotating C-arm
103 through the separation of the complementary views (usu-
ally 90 degrees). Generally, however, the axis of rotation of
C-arm 103 1s not inherently aligned with the axis that relates
the complementary views, requiring the physician to perform
a series of time consuming trial-and-error based adjustments
of the fluoroscope’s position through two or more axes of
rotation.

Consistent with an aspect ol the present invention, software
on computer 120 allows the surgeon to easily adjust the fluo-
roscope’s position so that one of 1ts mechanical rotation axes,
such as the axis of rotation shown by arrows 108 1n FIG. 1, 1s
aligned with the axis of rotation relating the complementary
views. The surgeon may then acquire the second image in the
complementary 1mage set simply by rotating C-arm 103 a
certain amount, typically 90 degrees, about the aligned axis.

Images of complementary views and the axis that relates
them are illustrated 1n FIGS. 7A-7C. The image of FIG. 7A
illustrates a lateral view of the patient’s vertebral disc, 1n
which the view direction (1.e., the direction of the central ray
of fluoroscopic imager 100) 1s approximately parallel to the
two vertebral end plates, labeled as endplate 705 and endplate
706. Line 702 1s the projection of the plane substantially
parallel to end plates 705 and 706. Similarly, the image shown
in FIG. 7B 1s an anterior/posterior view of the patient’s ver-
tebral disc, 1n which the view direction 1s parallel to plane
702. The axis of rotation 704 that spatially relates the image
view ol FIG. 7A and the image view of FIG. 7B 1s a line
perpendicular to plane 702. That 1s, rotating the image view of
FIG. 7A ninety degrees about the line perpendicular to plane
702 will result 1n the 1image view shown 1 FIG. 7B. FI1G. 7C
1s a three-dimensional representation of the anatomy shown
in FIGS. 7A and 7B. The line perpendicular to plane 702 1s
shown by axis of rotation 704.

FIG. 8 1s ani1mage of a lateral view of the patient’s vertebral
disc, similar to FIG. 7A. In FIG. 8, however, computer 120
has drawn line 802, which represents the projection of a plane
that 1s perpendicular to one of the C-arm’s mechanical axes.
Line 804 represents the plane that spatially relates the
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complementary views. With line 802 visible, the physician
may adjust the position of fluoroscopic imager 100 so that line
802 1s lined up with line 804. At this point, switching between
the complementary views simply involves rotating C-arm 103
about a single mechanical axis.

Although the alignment of lines 802 and 804, as discussed
above, was 1llustrated using both lines 802 and 804 drawn on
the fluoroscopic 1mage, 1n practice, 1t may only be necessary
to display line 802 in the image. In this case, line 804 1s
mentally visualized by the physician. Additionally, although
the relation of complimentary views was discussed using the
example of the spine, complimentary fluoroscopic images of
other anatomical regions, such as, for example, the pelvis,
femur, or cranium, may similarly be obtained by application
ol the above discussed concepts.

Before, or during, surgery, the physician may find 1t desir-
able to mput an operation “plan” to computer 120. The plan
may, for example, specily a desired trajectory of a surgical
istrument superimposed on a tluoroscopic 1mage. During
the surgical navigation process, the goal of the surgeon would
be to align the graphical icon representing the real-time loca-
tion of the surgical instrument with the graphical overlay
representing the planned trajectory.

FIG. 9 1s an 1mage of a lateral view of a spinal vertebra.
Assume the goal of the operation plan is to define a line that
passes along a desired trajectory within the image of the
vertebra. One method of accomplishing this goal 1s to directly
input the desired trajectory information to computer 120
using traditional computer input devices. While this method
of directly interacting with computer 120 1s possible, it can be
cumbersome and disruptive during surgery. Consistent with
an aspect of the present invention, an alternative method of
accomplishing this 1s for the physician to position the surgical
instrument on the surface of the bone or skin in the desired
orientation, and then project the tip of the mstrument forward
using the previously described look-ahead technique. More
specifically, the desired trajectory 1s specified by (1) adjusting
the position and orientation of the mmstrument near the patient
with virtual look-ahead active, and (2) adjusting the length of
the virtual look-ahead. FIG. 9 1llustrates the 1conic represen-
tation of instrument 901 and the virtual look-ahead projection
of the instrument 902. Once the desired trajectory 1s achieved,
the surgeon may direct computer 120 to “ifreeze” the planned
trajectory on display 121. The desired trajectory can be
obtained using one or more C-arm fluoroscopic images with
two or more being required to define a specific three-dimen-
sional trajectory which can then be displayed on any C-arm
fluoroscopic view. The freeze operation may be input to com-
puter 120 through, for example, a simple input device such as
a foot pedal. The physician may then proceed with the opera-
tion, using the overlay of the planned target as a guide.

Yet another method consistent with the present invention
for specilying a planned trajectory of a surgical instrument,
which, unlike the method discussed above, does not require
positioning the surgical mstrument on or near the patient’s
bone, 1s illustrated 1n FIGS. 10 and 11.

As shown 1n FIG. 10, during the acquisition of an image,
patient 1001 1s positioned between C-arm x-ray source 1004
and x-ray receiving section 1006. Fluoroscopic images of
patient 1001 are created by the x-rays emitted from x-ray
source 1004 as they travel in the path generally outlined by
cone 1010 through patient 1001. Line 1011, 1n the center of
cone 1010, corresponds to the origin (1.e., the center point) 1n
the acquired fluoroscopic 1images. Physician 1020, standing,
within the range of tracking sensor 1030, but away from
patient 1001, commands the computer to create an explicit
correspondence between the fluoroscope’s i1maging cone
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1010 and a “virtual” cone 1012 at an arbitrary position in
space (which 1s visible to the tracking sensor). Once this
virtual cone has been defined, the surgical instrument 1040
can be projected from this virtual cone into one or more
pre-acquired tluoroscopic images 1n the same manner as if the
instrument were located 1n the actual cone 1010 correspond-
ing to a given image. In this manner, physician 1020 can plan
the trajectory of surgical instrument 1040 by simply moving
the mstrument 1n the coordinate system established by the
virtual cone.

To define the correspondence between actual and virtual
cones, 1t 1s necessary for the physician to define the position
of the virtual cone relative to the tracking sensor. In general,
there are many ways to define a cone 1n space. For example,
the position and orientation of a cone can be defined by three
points, one corresponding to 1ts apex, one corresponding to a
second point along 1ts central axis, and a third corresponding
to the rotation of the cone about the central axis. Therefore,
one way to define the cone would be to use the tip of the
surgical instrument to define these three points 1n space rela-
tive to the tracking sensor. Another way to define this corre-
spondence 1s to use a single measurement of a surgical 1nstru-
ment. Using this method, the axis of the mstrument
corresponds to the axis of the cone, the tip of the istrument
corresponds to a fixed point along the axis of the cone (which
could be the apex, but could also be another point along the
central axis), and the orientation of the instrument about 1ts
axis corresponds to the orientation of the cone about 1ts axis.
In general any set of measurements which define the position
and orientation of a given cone can be used to establish the
correspondence between the actual and virtual cones.

The operations illustrated 1n FIG. 10 are shown 1n the
flowchart of FIG. 11. To begin, the physician holds the sur-
gical istrument 1040 1n the position that defines the virtual
cone 1n the manner as outlined 1n the previous paragraph (step
1101). Computer 120 locates the position of instrument 1040,
which effectively corresponds the position and orientation of
the virtual cone to the actual cone (step 1102). Computer 120
projects additional movements of instrument 1040 1nto one or
more previously acquired fluoroscopic images as 11 the mstru-
ment were being moved 1n the actual cone corresponding to a
given 1mage (step 1103). In this manner, the physician can
align the instrument to particular points or trajectories within
previously acquired images. At the physician’s command,
computer 120 “freezes” the position and/or orientation of the
instrument 1n the displayed fluoroscopic image(s) and uses
those for subsequent processing and plan generation (step
1104).

It 1s also consistent with this mvention to provide auto-
mated planning using computer analysis techniques to define
an “optimal” trajectory 1n the C-arm 1mages. Once the opti-
mal trajectory 1s determined, computer 120 overlays the opti-
mal trajectory in the fluoroscopic image. For example, auto-
mated plans can be generated using computational techniques
to reduce a specified amount of lordosis 1n spine surgery.

Alignment of Bone Fragments

A common clinical problem, especially in orthopaedic
trauma, 1s the realignment (reduction) of broken or mis-
aligned bone fragments. FIG. 12A 1s a fluoroscopic image of
a fracture of the femur contaiming two bone fragments 1201
and 1202. The physician’s job 1s to realign the bone fragments
so that the femur can properly heal.

FIG. 13 1s a flow chart illustrating methods for aligning
bone fragments consistent with the present invention. In gen-
eral, one of bone fragments 1201 or 1202 1s used as a fixed
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reference frame and the other as a dynamic reference frame.
When the physician moves the bone fragment corresponding
to the dynamic reference frame, tracking sensor 130 detects
the movement and updates the x-ray image to reflect the new
location of the bone fragment 1n the patient.

To begin the alignment procedure, the physician places a
tracking sensor marker on each of bone fragments 1201 and
1202 (step 1301) and acquires the fluoroscopic 1mages, (step
1302), such as the image shown in FIG. 12A. Computer 120
processes the acquired 1mage to obtain positional location
information and to calibrate the image (step 1303, this step 1s
identical to steps 401-403 1n FI1G. 4).

After acquisition of the fluoroscopic 1image(s), computer
120 uses 1mage detection and extraction techniques to delin-
cate the boundaries of the bone fragments 1n the images (step
1304). Suitable edge detection algorithms for generating the
contours are well known 1n the art, and may be, for example,
the Canny edge detector, the Shen-Casten edge detector, or
the Sobel edge detector. An edge detected version of FIG.
12A 1s shown 1n FIG. 12B, 1n which the resulting contour
corresponding to bone fragment 1201 1s labeled as 1203 and
the contour corresponding to bone fragment 1202 1s labeled
as 1204. Contours 1203 and 1204 may be, as shown 1n FIG.
12B, graphically superimposed by computer 120 on the
acquired 1mage(s).

Overlaying the detected image contours on the fluoro-
scopic 1mage allows the physician to easily identily the cor-
respondence between 1image contours 1203-1204 and bone
fragments 1201-1202. The physician inputs this correspon-
dence into computer 120 (step 1305). Alternatively, computer
120 may automatically 1dentity the correspondence between
the 1mage contours and the bone fragments. Once the corre-
spondence 1s established, the physician specifies which con-
tour 1s to remain fixed and which 1s to be repositioned. The
tracking sensor marker attached to the fragment to be repo-
sitioned 1s referred to as the dynamic reference marker and the
tracking sensor marker attached to the fixed fragment 1s
referred to as the fixed reference frame marker, although
physically the dynamic reference marker and the fixed refer-
ence frame marker may be 1dentical.

During surgical navigation, the physician moves the bone
fragment having the dynamic reference marker (step 1306).
Tracking sensor 130 detects the position of the dynamic ret-
erence iframe marker and the fixed frame marker. With this
information and the previously generated positional location
information, computer 120 calculates and displays the new
position of the dynamic reference frame, and hence 1ts corre-
sponding bone fragment, in the fluoroscopic 1mage (step
1307). FIG. 12C illustrates an updated version of the fluoro-
scopic 1mage contour 1203 corresponding to the fixed bone
fragment and contour 1204 corresponding to the new location
of the dynamic reference marker and its bone fragment.

Methods described above for aligning bone fragments may
also be applied to the proper alignment of multiple vertebral
bodies, for example 1n the reduction of scoliosis.

Three-Dimensional Images

The navigational guidance system consistent with the
present mnvention 1s not limited to providing surgical naviga-
tional guidance with two-dimensional fluoroscopic 1images.
Three-dimensional volumetric data sets may also be overlaid
with graphical representations of a surgical instrument.
Three-dimensional data sets (such as CT or MRI) may be
either pre-acquired or acquired during the operation.

Two types of three-dimensional data sets are typically used
in surgical navigation: patient-specific image data and non-
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patient specific or atlas data. Patient-specific three-dimen-
sional 1mages are typically acquired prior to surgery using
computed tomography (CT), magnetic resonance (MR), or
other known three-dimensional imaging modalities, although
intra-operative acquisition 1s also possible. Atlas data 1s non-
patient specific three-dimensional data describing a “generic”™
patient. Atlas data may be acquired using CT, MR or other
imaging modalities from a particular patient; and may even
comprise images from several modalities which are spatially
registered (e.g., C'T and MR together 1n a common coordinate
system). Atlas data may be annotated with supplemental
information describing anatomy, physiology, pathology, or
“optimal” planning information (for example screw place-
ments, lordosis angles, scoliotic correction plans, etc).

A three-dimensional patient CT or MR data set 1s shown 1n
FIG. 1 as data set 124 and atlas data 1s 1llustrated in FIG. 1 as
data set 126.

Betore overlaying a three-dimensional image with graphi-
cal representations of surgical instruments, the correspon-
dence between points in the three-dimensional image and
points 1n the patient’s reference frame must be determined.
This procedure 1s known as registration of the image. One
method for performing image registration 1s described in the
previously mentioned publications to Bucholz. Three-dimen-
s1onal patient specific images can be registered to a patient on
the operating room table (surgical space) using multiple two-
dimensional 1mage projections. This process, which 1s often
referred to as 2D/3D registration, uses two spatial transior-
mations that can be established. The first transformation 1s
between the acquired tluoroscopic images and the three-di-
mensional image data set (e.g., C'T or MR) corresponding to
the same patient. The second transformation 1s between the
coordinate system of the fluoroscopic images and an exter-
nally measurable reference system attached to the fluoro-
scopic 1mager. Once these transformations have been estab-
lished, 1t 1s possible to directly relate surgical space to three-
dimensional 1image space.

When performing three-dimensional registration, as with
two-dimensional registration, imager 100, when acquiring
the image, should be stationary with respect to patient 110. It
C-arm 103 or patient 110 1s moving during 1image acquisition,
the position of the fluoroscope will not be accurately deter-
mined relative to the patient’s reference frame. Accordingly,
the previously described technique for detecting movement
of 1imager 100 during the 1mage acquisition process can be
used when acquiring fluoroscopic images that are to be used
in 2D/3D registration. That 1s, as described, computer 120
may examine the position information from tracking sensor
130 while radiation sensors 107 are signaling radiation detec-
tion. I the calibration and tracking target 106 moves relative
to dynamic reference frame 150 during image acquisition,
this 1image 1s marked as erroneous.

It may be necessary to acquire complementary fluoro-
scopic views (e.g., lateral and anterior/posterior) to facilitate
2D/3D registration. The techniques previously discussed 1n
reference to FIGS. 7-8 and relating to the acquisition of
complementary views can be applied here.

Once registered, computer 120 may use positional infor-
mation of instrument 140 to overlay graphical representations
of the mstrument in the three-dimensional 1mage as well as
the two-dimensional fluoroscopic images.

Hybrid Use of Three-Dimensional and
Two-Dimensional Image Data

The two-dimensional images generated by imager 100 are
not always able to adequately represent the patient’s bone
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structure. For example, fluoroscopic x-ray images are not
eifective when taken through the length of the patient (i.e.,
from the point of view looking down at the patient’s head or
up from the patient’s feet) because the large number of bones
that the x-rays pass through occlude one another in the final
image. However, information required for planning a surgical
procedure which 1s not otherwise available based on two-
dimensional image data alone may be extracted from a three-
dimensional 1image data set such as a CT or MR 1mage data
set. The extracted information may then be transierred to the
two-dimensional x-ray images generated by imager 100 and
used 1n surgical navigation. The following examples describe
additional methods for using three-dimensional and two-di-
mensional data i surgical navigation.

EXAMPLE 1

Importing Three-Dimensional Surgical Implant
Specifications to Two-Dimensional Images

FIGS. 14A and 14B are images 1llustrating the implanta-
tion of an inter-vertebral cage in the spine of a patient. An
inter-vertebral cage 1s a roughly cylindrical spinal implant
that 1s inserted 1n the disc space between adjacent spinal
vertebrae. The physician may find 1t difficult, 1f not 1mpos-
sible, to choose the appropnate length of an inter-vertebral
cage based upon two-dimensional 1mages such as the image
of FIG. 14A.

Rectangle 1401 represents the projection of the cylindrical
inter-vertebral cage into the image. While the long axis of the
cylinder appears to be completely within the bone 1n this
image, this may not be the case due to curvature of the anterior
aspect of vertebrac 1402. FIG. 14B 1s an 1mage of a three-
dimensional axial CT cross section of the vertebrae. Corner
1403 of rectangle 1401 protrudes from the bone—a highly
undesirable situation that cannot be reliably detected 1n x-ray
images such as that of FIG. 14A. Accordingly, when faced
with this situation, the approprniate cage length should be
chosen based upon one or more axial CT images, such as that
in FIG. 14B. Selection of the cage length can be performed
automatically by computer 120 or semi-automatically with
the 1nput of the physician.

Once the cage length has been determined by the physician
and entered into computer 120, the length value can then be
used by computer 120 1n properly displaying the graphical
overlay 1n the associated two-dimensional image. The posi-
tion of the surgical instrument used to hold the cage during the
insertion process, as detected by tracking sensor 130, 1s used
to calculate the position of the cage in FIG. 14A during the
two-dimensional navigational process.

Although the above discussed example was with a cylin-
drical spinal implant, in general, the described concepts could
be applied to any surgical implant.

EXAMPLE 2

Acquisition of an X-Ray View Down the Medial
Axis of a Vertebral Pedicle

In certain clinical procedures, 1t may be desirable to
acquire a fluoroscopic x-ray image view looking substantially
straight down the medial axis of a vertebral pedicle. For the
purposes of this example, a vertebral pedicle can be thought
of as a cylinder, and the medial axis corresponds to the central
axis of the cylinder.

FIG. 15A 1s an X-ray image 1n which the view direction of
the imager 1s aligned with the medial axis of the pedicle (1.e.,
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the medial axis of the pedicle 1s into the plane of the image).
In this so-called “owl’s eye” view, the pedicle appears as
circle 1501 within the image. It 1s often difficult to precisely
acquire this view using only tfluoroscopic x-ray images, as it
1s difficult to align the view direction of imager 100 with the
medial axis of the pedicle using only fluoroscopic 1mages.

(Given an anterior/posterior fluoroscopic image view of the
spine, such as the one shown 1n FIG. 15B, and given that the
mechanical axis of the fluoroscope 1s aligned with the
patient’s long axis (1.e., axis 704 in FIG. 7C), an axial CT
cross section of a vertebra can be used to quickly and easily
acquire a high quality owl’s eye view, such as the view of FIG.

13A.

FIG. 15C 1s an 1mage of an axial CT cross section of a
vertebra. With this image, computer 120 or the physician may
measure angle 1504 between the anterior/posterior axis 1502
and the projection of the medial axis 1503 of the pedicle 1501
into the axial plane. The physician may then rotate imager 100
by the measured angle about the mechanical rotation axis that
1s aligned with the patient’s long axis 704. Because most
fluoroscopic imagers, such as imager 100, have angle 1ndica-
tors, rotation by the desired amount is trivial. However, 11 the
physician requires additional accuracy 1n the rotation, track-
ing sensor 130, because 1t detects the position of C-arm 103,
can be used to more precisely measure the rotation angle.

EXAMPLE 3

Use of Digitally Reconstructed Radiography 1n the
Placement of a Surgical Implant

With conventional fluoroscopic x-ray image acquisition,
radiation passes through a physical media to create a projec-
tion 1mage on a radiation sensitive {ilm or an electronic image
intensifier. Given a 3D CT data set, a simulated x-ray image
can also be generated using a technique known as digitally
reconstructed radiography (DRR). DRR 1s well known in the
art, and 1s described, for example, by L. Lemieux et al., “A
Patient-to-Computed-Tomography  Image  Registration
Method Based on Dagitally Reconstructed Radiographs,”
Medical Physics 21(11), pp 1749-1760, November 1994,

When a DRR image 1s created, a fluoroscopic image 1s
formed by computationally projecting volume elements
(voxels) of the 3D CT data set onto a selected image plane.
Using a 3D CT data set of a given patient, it 1s possible to
create a DRR 1mage that appears very similar to a correspond-
ing x-ray image of the same patient. A requirement for this
similarity 1s that the “computational x-ray imager” and actual
X-ray imager use similar intrinsic imaging parameters (e.g.,
projection transformations, distortion correction) and extrin-
s1C 1maging parameters (e.g., view direction). The intrinsic
imaging parameters can be derived from the calibration pro-
CEesS.

A DRR image may be used to provide guidance to the
surgeon 1n the problem discussed 1n Example 1 of appropri-
ately placing an inter-vertebral cage in the patient. Given a 3D
CT data set of two adjacent vertebrae, the physician, interact-
ing with computer 120, may manually position a 3D CAD
model of an inter-vertebral cage 1n a clinically desired posi-
tion 1n the three-dimensional view of the vertebrae. The phy-
sician may then use the DRR technique to synthesize an
anterior/posterior, lateral, or other x-ray view of the vertebrae
showing the three-dimensional CAD model of the inter-ver-
tebral cage. Thus, a synthetic fluoroscopic x-ray image can be
created which simulates what a properly placed cage would
look like after implantation.
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The simulated x-ray 1images may be compared to the actual
images taken by imager 100 during surgery. The goal of the
surgeon 1s to position the implant such that the intra-operative
images match the DRR mmages. For this comparison, two
types ol intra-operative images may preferably be used. First,
conventional fluoroscopy could be used to acquire an 1mage
alter the inter-vertebral cage has been implanted. Second,
images acquired prior to cage placement could be supple-
mented with superimposed graphical icons representing the
measured cage position. In erther case, the synthetic fluoro-
scopic 1mage can be used as a template to help guide the
surgeon 1n properly placing the inter-vertebral cage.

Although the above example was described 1n the context
of implanting an inter-vertebral cage, implants other than the
inter-vertebral cage could also be used.

EXAMPLE 4

Obtaining a Particular Two-Dimensional View
Direction Using Digitally Reconstructed Radiograph
Images

The DRR technique can be used to provide guidance to the
physician when acquiring an owl’s eye view of a vertebral
pedicle. Given a three-dimensional CT data set containing a
vertebra and associated pedicle, the physician may use com-
puter 120 to manually locate a three-dimensional representa-
tion of the pedicle’s medial axis relative to the three-dimen-
sional images of the vertebrae. Once this placement has been
achieved, it 1s possible to synthesize an owl’s eye view of the
vertebrae based upon the view direction specified by the
physician’s selection of the three-dimensional medial axis.
This synthetic image can then be displayed to the surgeon
during surgery and used to guide the acquisition of an actual
owl’s eye view using the fluoroscope. By visually comparing
fluoroscopic 1images taken while positioning the fluoroscope
to the synthetic owl’s eye view, the physician can acquire a
true fluoroscopic image with a view direction approximately
equal to the manually selected medial axis. In this manner, a
high quality owl’s eye view can be acquired.

Although the above example was described 1n the context
of synthesizing a two-dimensional owl’s eye view, 1n general,
any three-dimensional view direction can be selected and a
corresponding two-dimensional image synthesized and used
to acquire a fluoroscopic two-dimensional 1image.

EXAMPLE 5

Measuring Out-Of-Plane Angles Based On
Fluoroscopic Images

It may be desirable to measure the angle between the tra-
jectory of a surgical mstrument and the plane of a fluoro-
scopic 1mage (such as a plane aligned with the mid-line of the
spine 1502) during surgery using a pre-acquired tluoroscopic
image. This 1s useful, as 1t 1s often desirable to position or
implant a surgical instrument at a certain angle relative to the
plane of the fluoroscopic image. For example, the surgical
instrument may need to be implanted 1n the direction aligned
with the medial axis of the pedicle 1503.

Consider the vertebral cross section shown as an axial CT
image i FIG. 15C. As described above, the angle 1504
between the anterior/posterior axis of the spine 1502 and the
medial axis 1503 of the pedicle can be measured from this CT
image. Aligning the surgical instrument with the medial axis
can be accomplished by dynamically measuring the angle
between the trajectory of the surgical mstrument and the
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plane defined by the mid-line of the spine 1502. When the
dynamically measured angle matches the angle pre-obtained
from the CT 1mage, the surgical mnstrument 1s aligned.

FIGS. 16A and 16B are figures respectively illustrating an
anterior/posterior fluoroscopic image of the spine and a cor-
responding three-dimensional view of the spine. The physi-
cian defines two points along the midline of the spine, such as
the points 1601 drawn on the spinous processes in FIG. 16 A
(1n non-pathological anatomy a spinous process typically
defines the midline). Computer 120 uses these points to define
a line 1602 1n the 1mage, or more generally, the computer
defines plane 1603 (shown 1n FIG. 16B) to include the two
points and the linear projections of these two points dictated
by the calibration transformation. More ntuitively, a first
order approximation of plane 1603 can be thought of as the
plane passing through the two points perpendicular to the
image plane.

Plane 1603 defines the midline of the spine 1n three-dimen-
sional space. During navigational guidance, the equation of
this plane can be expressed 1n the coordinate system of either
the dynamic reference frame 150 or the tracking sensor 130.

Using the tracking sensor 130 to measure the position and
orientation (1.e., the trajectory) of the instrument 140, com-
puter 120 then mathematically projects this trajectory onto
the plane 1603. This projection will define a line passing
through plane 1603. The angle between this line in plane 1603
and the mstrument trajectory corresponds to the angle to be
measured. In other words, the angle to be measured corre-
sponds to the minimum angle present between the trajectory
of the mstrument and the plane 1603. The angle to be mea-
sured can be calculated by computer 120 and displayed to the
physician either 1n a textual or graphical format.

In summary, as described in this example, a single fluoro-
scopic 1image can be used during surgery to position a surgical
istrument at a desired trajectory relative to the plane of the
fluoroscopic image. More generally, the methods described in
this example relate to measuring the angle between the tra-
jectory of a surgical instrument 140 and a plane (e.g. 1603)
defined by two or more points (e.g., 1601) which have been
manually or automatically selected in a fluoroscopic image.
While the explanation uses a CT {for clarity of the example,
the measurement and display of the angle can be achieved
without the use of any 3D 1image data.

Although the above five examples used three-dimensional
patient specific data and not atlas data, 1n certain situations, 1t
may be possible to use a 2D/3D registration scheme that
registers non-patient specific atlas data to patient specific
fluoroscopic 1mages using deformable registration methods
that do not preserve the rigidity of anatomical structure during
the registration process. In this manner, the patient specific
fluoroscopic images may be used to deform the atlas data to
better correspond to the patient and thereby transfer atlased
knowledge to the patient specific tluoroscopic images.

CONCLUSION

The above described systems and methods significantly
extend the conventional techmiques for acquiring and using
x-ray 1images for surgical navigational guidance. It will be
apparent to those skilled 1n the art that various modifications
and varnations can be made to the present invention without
departing from the scope or spirit of the invention. For
example, although certain of the examples were described 1n
relation to spinal examples, many other regions of body could
be operated on.
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Other embodiments of the invention will be apparent to
those skilled in the art from consideration of the specification
and practice of the mnvention disclosed herein. In particular,
an alternative embodiment of the calibration and tracking
target may allow the calibration component to be detached
from the C-arm and introduced 1nto the C-arm view for cali-
brations only, and then removed. It 1s intended that the speci-
fication and examples be considered as exemplary only, with
the true scope and spirit of the imnvention being indicated by
the following claims.

What is claimed:

1. A system for realigning a first bone segment with a
second bone segment 1n a patient comprising;:

a first tracking marker attached to the first bone segment;

a second tracking marker attached to the second bone seg-
ment,

a tracking sensor for detecting the relative position, in
three-dimensional space, of the first and second tracking
markers:

a position examining portion for examining position infor-
mation while acquiring 1mage data and marking the
image data as erroneous if a tracking target associated
with an 1mage acquisition system moves relative to the
first tracking marker, the second tracking marker, or both
the first and the second tracking markers;

a delineating portion for delineating the 1mages of the first
and second bone segments 1n an 1mage and for, when the
second bone segment 1s moved 1n the patient, corre-
spondingly moving the delineated second bone segment
superimposed on the image; and

a display coupled to the computer for displaying the image
overlaid with representations of the delineated first and
second bone segments;

wherein the first bone segment and the second bone seg-
ment are distinct complete bone members that are sepa-
rate vertebrae.

2. The system of claim 1, wherein the delineating portion
performs edge detection processing on the image to delineate
boundaries of the first and second bone segments.

3. The system of claim 2, wherein the delineating portion
performs edge detection by executing at least one of the
Canny edge detector algorithm, the Shen-Casten edge detec-
tor algorithm, or the Sobel edge detector algorithm, or com-
binations thereof.

4. The system of claim 1, wherein the delineated image of
the first and second bone segment 1s operable to be corre-
sponded with the respective first and second bone segments
with an automatic corresponding portion, manually, or com-
binations thereof.

5. The system of claim 1, further comprising;:

the image acquisition system operable to acquire the image
data of the first bone segment and the second bone seg-
ment for display on the display.

6. The system of claim 5, wherein the 1mage acquisition
system 1s operable to acquire the image data atter the first and
second tracking markers are attached to the respective first
and second bone segments.

7. The system of claim 1, wherein the position examining,
portion and the delineating portion are a plurality of comput-
ers or a single computer, wherein the single computer is
operable to receive mput from both the 1mage acquisition
system and the tracking sensor.

8. A method for re-aligning a first bone segment with a
second bone segment 1n a patient comprising:

attaching a first tracking marker to the first bone segment;

attaching a second tracking marker to the second bone
segment;
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acquiring an image of the first bone segment and the second
bone segment after attaching the first tracking marker to
the first bone segment and the second tracking marker to
the second bone segment;

delineating the acquired 1image of the first and second bone
segments 10 an 1mage;

examining position information while acquiring the image
data and marking the acquired image data as erroneous 1
a tracking target associated with an 1image acquisition
system moves relative to the attached first tracking

marker, the attached second tracking marker, or both the
attached first and the second tracking markers;

detecting a relative position of the first and second bone
segments 1n the patient using the first and second track-
ing markers;

selecting the first tracking marker to be a fixed reference
frame marker;

selecting the second tracking marker to be a dynamic ref-
erence marker;

moving the second bone segment having the dynamic ret-
erence marker relative to the first bone segment, where
the first bone segment 1s substantially fixed 1n a location;

moving the delineated second bone segment superimposed
on the image when the second bone segment moves
relative to the first bone segment;

displaying the image overlaid with representations of the
delineated first and second bone segments.

9. The method of claim 8, further comprising performing,
edge detection processing on the image to delineate bound-
aries of the first and second bone segments.

10. The method of claim 9, turther comprising:

corresponding the delineated boundary of the first bone
segment to the first bone segment and the delineated
boundary ofthe second bone segment to the second bone
segment for display on a display.

11. The method of claim 10, further comprising:

calibrating the image; and

obtaining position information of the first bone segment
and the second bone segment.

12. The method of claim 8, turther comprising:

re-aligning the first bone segment with the second bone
segment further includes at least one of: re-aligning a
first broken bone segment with a second broken bone
segment of a single bone; re-aligning a first broken bone
segment with a second broken bone segment both of
which are substantially separate, distinct, and complete
bone members; re-aligning a first broken bone segment
with a second broken bone segment both of which are
fractured portions of a femur; re-aligning a first broken
bone segment with a second broken bone segment both
of which are separate vertebrae; or combinations
thereof.

13. The method of claim 8, wherein detecting a relative
position of the first bone segment and the second bone seg-
ment 1ncludes:

providing a tracking sensor operable to determine the rela-
tive location of the first tracking marker relative to the
second tracking marker:;

displaying the determined relative positions of the first
tracking marker and the second tracking marker to dis-
play the representations of the delineated first and sec-
ond bone segments; and

updating the display to display the appropriate relative
positions of the first bone segment and the second bone
segment at a second time interval.
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14. The method of claim 8, updating a display to show
movement of the dynamic vertebra relative to the fixed ver-

tebra.

15. The method of claim 8, wherein moving the delineated
second bone segment superimposed on the image includes:

updating the display to display the appropriate relative
positions of the first bone segment and the second bone
segment at a second time interval to illustrate the delin-
cated second bone segment relative to the first bone
segment.

16. A system for realigning a first broken bone segment
with a second broken bone segment 1n a patient comprising;:

means for attaching a first tracking marker to the first bone
segment;

means for attaching a second tracking marker to the second
bone segment;

means for acquiring an image data of the first bone segment
and the second bone segment after attaching the first
tracking marker to the first bone segment and the second
tracking marker to the second bone segment;

means for examining position information while acquiring
image data and marking the 1mage data as erroneous 1f
the means for acquiring the image data moves relative to
the first tracking marker, the second tracking marker, or
both the first and the second tracking markers;

means for delineating boundaries of the first and second
bone segments 1n the 1image;

means for detecting the relative position of the first and
second bone segments 1n the patient using the first and
second tracking markers;

means for correspondingly moving the delineated bound-
ary of the second bone segment overlaid on the image
when the second bone segment moves relative to the first
bone segment;

means for displaying the image overlaid with representa-
tions of the delineated boundaries of the first and second
bone segments; and

means for selecting one of the first bone segment and the
second bone segment to be a dynamic bone segment and
selecting the other of the first bone segment and the
second bone segment to be a fixed bone segment.

17. The system of claim 16, wherein the first bone segment
and the second bone segment are at least one of: both sub-
stantially separate, distinct, and complete bone members; are
cach separate and distinct portions of a fractured bone mem-
ber; are fractured portions of a femur, are separate vertebrae,
or combinations thereof.
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18. The system of claim 16, further comprising:

means for rigidly fixing the first tracking marker relative to
the first bone segment and means for rigidly fixing the
second tracking marker to the second bone segment.

19. The system of claim 16, further comprising:

means for corresponding the delineated boundaries of the

first bone segment and the second bone segment relative
to the 1mage.

20. The system of claim 16, wherein means for delineating,
boundaries of 1mages includes means for determining con-
tours of the first and second bone segments.

21. The system of claim 16, further comprising;

means for determining position and location information.

22. A method for realigning a first bone segment with a
second bone segment 1n a patient comprising;:

selecting a first vertebra and a second vertebra;

attaching a first tracking marker to the first vertebra;

attaching a second tracking marker to the second vertebra;

acquiring a x-ray image of the first vertebra, the second
vertebra, or combinations thereof;

examining position information of an 1image acquisition

system while acquiring the x-ray image and marking an
image as erroneous 1f a tracking target associated with
the 1mage acquisition system moves relative to the first
tracking marker, second tracking marker, or both the first
and the second tracking marker;

delineating 1mages of the first vertebra and the second

vertebra 1n the acquired x-ray image, wherein delineat-
ing 1mages ncludes determining edges of the first ver-
tebra and the second vertebra and providing a represen-
tation of the determined edges;

tracking the first tracking marker and second tracking

marker;

detecting a relative position of the first vertebra and the

second vertebra in the patient via the tracking;
corresponding the delineated images with the acquired
X-ray 1image;

displaying the acquired x-ray image overlaid with the rep-

resentations; and

moving at least one of the delineated first vertebra repre-

sentation, the delineated second vertebra representation,
or combinations thereof on a display overlaid on the
acquired x-ray image when either of the first vertebra,
the second vertebra, or combinations thereolf moves
relative to the other of the first vertebra the second ver-
tebra, or combinations thereof.

23. The method of claim 22, further comprising:

selecting one of the first vertebra and the second vertebra to

be a dynamic vertebra and selecting the other of the first
vertebra and the second vertebra to be a fixed vertebra.
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